Abstract. In neoplastic patients chemotherapy frequently involves severe myeloid suppression. Sometimes myeloid suppression is the main cause of therapy recycling delay with severe and prolonged neutropenia, anaemia and thrombocytopenia. Our study aimed to verify whether there is a correlation between reticulocyte fractions, reticulocyte indices, myeloperoxidase index (MPXI) and post-chemotherapy myelopoietic function and severe post-chemotherapy neutropenia. A cohort of 112 patients was identified, 30 with lymphoma or myeloma and 82 with solid neoplasms with bone marrow micrometastases. The patients were treated with chemotherapy (CT). After CT, 60 patients had neutropenia (ANC <500/mcl) for a median of 7 days (range 3-21). Before CT, myelopoietic function was assessed by the abovementioned parameters using a hematologic automated analyzer. We assigned patients with an MPXI-positive value and medium adsorbance fraction of reticulocyte (MFR) >10.7% a score of 1, and a score of 0 was assigned to the remaining patients. Patients with a score of 1 showed a lower number of neutropenic events (only 9 out of 36 patients) than those with a score of 0 (51 out of 76 patients), p<0.0001. MPXI and MFR may be used in the assessment of myelopoiesis before CT administration, independently of the type of tumor, CT regimen and number of CT cycle, with the aim of identifying a patient subset with a lower risk of developing neutropenia post-CT.
Introduction
The aging of populations makes neoplasia one of the main causes of morbidity and mortality in Western countries. Neoplasias often require, mainly in onco-hematology and in general oncology, aggressive treatments, including chemotherapy.
Chemotherapy, in neoplastic patients, frequently involves severe myelosuppression (1) . After high-dose chemotherapy, 30-50% of patients will not experience febrile neutropenia. This complication occurs in 2-10% of patients receiving chemotherapy regimens with conventional doses. Occasionally, myelosuppression is the main cause of therapy recycling delay with consequent tumor regrowth, severe and prolonged neutropenia, anaemia and thrombocytopenia (2) . Neutropenia is associated with an increased number of febrile episodes, increased hospitalization and high costs.
Anaemia and thrombocytopenia involve an increased transfusional need and, subsequently, increased transfusionrelated infective risk and sanitary costs. Thrombocytopenia involves a high haemorrhagic risk (2) .
Before chemotherapy, it would be useful to evaluate, the medullary reservoir with the aim of identifying patients subject to severe myelosuppression. One possible way would be to perform an osteomedullary biopsy (OMB) before chemotherapy. However the OMB, being a static image of the medullary function, facilitates the quantitative appraisal, but not the functional appraisal involved in the dynamic recording of what actually occurs in the bone marrow. Moreover, OMB is an invasive test which is often not well-tolerated by the patient.
Less invasive techniques, able to markedly define bone marrow functionality, would be useful in identifying a priori those patients who, after chemotherapy, will have severe and prolonged cytopenias.
A non-invasive method in order to define the medullary reservoir and the risk of prolonged post-chemotherapy aplasia may be represented by the study of reticulocyte fractions and indices and the myeloperoxidase index of neutrophils. It is well-known that reticulocytes, in particular, reticulocyte fractions, reflect the state of normal or pathological erythropoiesis (3) . Several studies showed that modifications of the reticulocyte indices precede the change of erythroid indices commonly used (MCV, MCH, CH and MCHC) and, are sensitive indices of erythron functional changes (4) (5) (6) (7) (8) (9) . They may correlate, in dysplastic patients, with a need for erythrocyte and/or platelet transfusion (Giordano G, et al, 39th Congress of the Italian Society of Hematology, Haematologica (suppl) 88: [26] [27] [28] [29] 2003) . In patients who underwent bone marrow transplantation, they indicate engraftment and the functional restart of bone marrow, such as a neutrophil increase, but more prematurely (10) (11) (12) (13) (14) (15) . Reticulocytes may represent the functional order of whole bone marrow and not only of the red cells.
The reticulocyte number, immature reticulocyte fraction, reticulocyte fractions (HFR, MFR and LFR) and reticulocyte indices (MCVr, MCHr, CHr and MCHCr), showing global bone marrow activity, may indicate who will have a severe and long-lasting pancytopenia. The myeloperoxidase index (MPXI) is useful in distinguishing between aplastic and megaloblastic anaemia and in predicting a neutropenic phase after chemotherapy (16, 17) . From these findings it is inferred that MPXI may correlate not only with the granulocyte function, but also with the global medullar functionality.
Knowing which patients have an increased risk of prolonged cytopenia allows for the dose to be adapted with the aim of minimizing therapy-related myelotoxicity, without loss of antitumoral effectiveness, and consent to maintaining the correct timing of chemotherapy administration. Moreover, it may generate a more appropriate use of growth factors in patients at a higher risk of cytopenia, in order to prevent this. Subsequently, a more targeted use of growth factors may reduce the number of febrile episodes, the use of antibiotics and duration of hospitalization, suggesting an economic benefit (18) .
This study aimed to verify whether increased or decreased values of immature reticulocyte fractions (IRF), high, medium and low adsorbance fraction reticulocyte (HFR, MFR and LFR), mean corpuscular volume, mean corpuscular hemoglobin concentration, corpuscular hemoglobin, mean corpuscular hemoglobin of red blood cells and reticulocytes (MCV, MCH, CH, MCHC and MCVr, MCHr, CHr, MCHCr), MCVr/MCV, MCHr/MCH and myeloperoxidase index (MPXI), are related to an increased or decreased risk of therapy-related cytopenia.
Materials and methods
Patients. The present study is a monocentric, prospective, non-randomized, open-label study. After informed consent according to institutional guidelines, we evaluated 112 patients (or chemotherapy cycles); 82 males and 25 females, responding to inclusion and exclusion criteria, as subsequently reported. Every chemotherapy cycle of each patient was considered as a new case, because our aim was to define a model predicting a priori neutropenia, without regard for number and type of chemotherapy.
The median age was 62 years (range 36-80). Thirty patients were affected by lymphoma and 82 by solid neoplasm. A detailed list of the neoplasia type and chemotherapy regimen is reported in Table I .
Inclusion and exclusion criteria. To verify how disease and therapy interact with bone marrow and influence its kinetics, we enrolled patients, in the study, affected by solid and hematologic neoplasias that are systemic from the onset because of bone marrow direct involvement or by micrometastases (as observed in esophageal, gastric and intestinal neoplasia, small cell lung neoplasia, non-small cell lung neoplasia, breast cancer, prostatic neoplasia, head and neck cancer, neuroblastoma, pancreatic and ampullary cancer, and melanoma) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) .
The lack of vitamin B12 and/or folate and/or iron were not regarded as absolute exclusion criteria. An adequate and continual support with B12 and/or folate and/or iron consent a normal bone marrow function. In healthy subjects vitamin B12 presents normal values ranging from 200 to 900 pg/ml. Values <100 pg/ml are indicative of a lack of vitamin B12 and are to be supported. In healthy subjects folates present normal values ranging from 6 to 20 ng/ml. Values <4 ng/ml are indicative of a lack of folates and are to be supported.
There is the theoretical risk, not supported by literature, that vitamin B12 and folates may sustain the tumoral growth. Thus, it was chosen to administer folates, if necessary, only in solid neoplasia and in lymphomas with a replicative fraction <50%.
Enrolling patients with inadequate erythropoiesis due to pronounced myelophtisis or myelofibrosis (neutrophil count <1000/mm 3 and/or platelet count <50000/mm 3 and/or hemoglobin concentration <8 g/dl) was avoided. Cytopenic patients who had radiotherapy to the spine and/or pelvis at least 2 weeks prior to the study were excluded.
Patients with active or recent bleeding, active infections, hypothyroidism, chronic renal failure, hemolytic anaemia, microangiopatic disease, as well as those who received transfusions in the 2 weeks prior to the study, erythropoietin from <1 week and myelotoxic drugs at least 1 month before chemotherapy started, were excluded from the study because they may present a falsely high or low reticulocyte count and altered reticulocyte fraction and indices (31) (32) (33) . Patients affected by gastric carcinoma and, at risk of bleeding, were enrolled in this study only if they were receiving adjuvant chemotherapy. The inclusion and exclusion criteria are listed in Tables II and III. Automated flow cytochemistry analysis. The tests carried out on the patients are listed in Table IV . Tests were performed as follows: i) 1 or 2 days before chemotherapy administration; ii) 1 day after chemotherapy administration; iii) 3 days after chemotherapy administration (suggested) and iv) 8, 12, 21 and 28 days after chemotherapy administration (suggested, when applicable). Samples were collected as follows: 4 cm 3 of whole blood was collected in a test tube with K 2 EDTA 1.5-2.2 mg/ml, according to the ICSH proposed reference method for reticulocyte counting (1988) . A complete blood count, reticulocyte absolute and percentual count, reticulocyte fractions, immature reticulocyte fraction and reticulocyte indices were obtained by a hematologic automated analyzer Advia 120 ® (Bayer, Diagnostic Division, Tarrytown, NY).
The reticulocyte parameters analysed are: reticulocyte absolute count, reticulocyte percentual count, immature reticulocyte fraction, HFR, MFR, LFR, MCVr, CHr, CHCMr and MPXI.
Statistical analysis. The Chi-square test, Fisher's test and Pearson's correlation coefficient (r) and the determination coefficient R 2 were used to define a correlation between the collected data and the entity and duration of chemotherapyrelated cytopenia. The risk of cytopenia following chemotherapy was expressed by odds ratio and relative risk.
Results
Of the 112 cases studied, 60 (54%), after chemotherapy, had a neutropenic grade of 3 or 4 with an absolute neutrophil count <500/mcl, for a median of 7 days (range 3-21). Among these 60 cases, 20 (33%) experienced febrile neutropenia.
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ficantly lower number of neutropenic events. We assigned a score of 1 to patients with MPXI-positive values and MFR >10.7% (36/112, 32% of total) and a score of 0 to the remaining patients (76/112, 68% of total). While only 9 of the 36 patients (25%) with a score of 1 developed neutropenia, notably 51 of the 76 patients (67%) with a score of 0 showed neutropenic events. These data are statistically significant, with a Chi-square test of 15.760 with p<0.0001, a sensitivity of 0.85 (CI 95%:0.77-0.91) and a specificity of 0.52 (CI 95%:0.42-0.59). The positive predictive value was 0.67 (CI 95%:0.61-0.72) and the negative predictive value was 0.75 (CI 95%:0.62-0.85). The odds ratio was 6.3 (CI 95%:2.5-14.7), with a relative risk of 2.7 (CI 95%: 1.6-4.8). Taken together, our results suggest that the identification of MPXI and MFR parameters is a rapid, non-invasive, easily standardised, economic method of defining dynamic bone marrow functionality and the risk of prolonged post-chemotherapy neutropenia.
Discussion
Neutropenia frequently results from the myeloablative effects of systemic chemotherapy. Neutropenia increases the risk of developing serious microbial infections. Bacterial and fungal infections are the major contributing factors to morbidity and mortality in neutropenic patients. Thus, neutropenia frequently causes chemotherapy delay or dose reduction. It may lengthen hospital stay, increase diagnostic and therapeutic costs, and reduce patient quality of life (2) .
Colony-stimulating factors (CSFs), such as the granulocyte colony-stimulating factor (G-CSF) and granulocytemacrophage colony-stimulating factor (GM-CSF), are used in the prevention of chemotherapy-related neutropenia. These agents accelerate the formation of neutrophils from committed progenitors, thereby reducing the duration and severity of neutropenia. They reduce the incidence and duration of febrile neutropenia and related hospitalisation. They also consent the reduction of antibiotic use and avoid recycling delay. However, clinical trials have not shown a significant effect of CSFs on overall or disease-free survival, and the high cost of these agents limits their widespread use (1,2).
Further investigation is necessary to determine the positive benefits associated with the use of CSFs. It would be necessary to treat only those patients at a high risk of developing neutropenia with CSFs, in order to show the positive effects of CSFs on the survival of oncologic patients submitted to chemotherapy. Therefore, it is important to develop clinical models which can predict patients at neutropenic risk. These models can help the clinician in detecting patients who qualify to receive CSFs appropriately.
Our study aimed to detect hematological parameters able to identify a priori those patients who, after chemotherapy, will have a severe and prolonged neutropenia. Our intention was to use a non-invasive, effective, rapid and non-expensive method to identify these parameters.
In 1996, Blay and colleagues demonstrated that chemotherapy day-5 lymphocyte count <700/mcl was a risk factor for febrile neutropenia (FN) (37) . This simple parameter, although useful, is a posteriori data that cannot predict the risk of chemo-related neutropenia before chemotherapy. It does not suggest to the clinician what preventive reduction dose of the chemotherapeutic regimen should be administered in order to avoid neutropenia, its related complications and recycling delay. Bononi and colleagues showed that myeloperoxidase index (MPXI) and large unstained cells (LUC), obtained by the hematologic automated analyser Advia 120 and day-5 lymphopenia were related to post-chemotherapy neutropenia. However, these data predict neutropenia only after chemotherapy administration. In the same study the count of peripheral blood CD 34 + was related to an increased risk of chemotherapy-induced neutropenia. However, the CD 34 + count is expensive and time-consuming (18) . We studied parameters, such as reticulocyte fraction, reticulocyte indices and MPXI, that can be obtained by the hematologic automated analyser Advia 120 at a low cost. Our investigation demonstrated that patients with MPXI-positive value and medium absorbance fraction of reticulocyte (MFR) >10.7% showed a significantly lower number of neutropenic events than other patients (p<0.0001).
It is well-known that reticulocytes, in particular reticulocyte fractions reflect the state of normal or pathological erythropoiesis. Several studies showed that the modifications Table IV . Automated flow cytochemistry analysis. 
of reticulocyte indices precede the change of erythroid indices commonly used (MCV, MCH and MCHC) and are precocious and sensitive indices of erythron functional changes (10) (11) (12) (13) (14) (15) . Reticulocytes correlated in dysplastic patients, with a need for erythrocyte and/or platelet transfusion (4). In patients who had bone marrow transplantation they indicate engraftment and the functional restart of bone marrow, such as a neutrophil increase, earlier. Reticulocyte fractions may represent the function of whole bone marrow and not only of the red cells (7) (8) (9) . MPXI may correlate not only with the granulocyte function, but also with the global medullary functionality. A study showed that MPXI measurement is a useful tool in the differentiation of megaloblastic from aplastic anaemia (17) .
Our intention was to use parameters correlated not only with myeloid lineage, which is the most involved after chemotherapy, but with global bone marrow function. In our study, we enrolled patients not only affected by hematological neoplasms, but also by solid neoplasms that frequently show micrometastases present in bone marrow. This selection was performed in order to obtain, in our cohort of patients, the same interaction between neoplasia and the bone marrow microenvironment without considering the origin of the neoplasia. Our attention was centred on the system constituted by the bone marrow microenvironment, neoplasia with bone marrow involvement and chemotherapy. Since this study aimed to evaluate bone marrow functionality, enrolling patients with pronounced myelophtisis or myelofibrosis was avoided. The major characteristic of this study is the ability to define parameters able to predict neutropenia regardless of the kind of therapy, time of its administration, type of tumor or characteristics of the patient (age, previous chemotherapy or radiotherapy, nutritional status, and individual factors affecting drug metabolism and excretion).
Our analysis of peripheral blood cell parameters has shown that neutropenia correlate with MPXI and MFR. Knowing which patients have an increased risk of prolonged cytopenia before chemotherapy starts, allows for the chemotherapy dose to be adapted to each patient with the aim of minimizing therapy-related myelotoxicity, without loss of antitumoral effectiveness, and consent to maintaining the correct timing of chemotherapy recycling.
It may also generate a more appropriate use of growth factors in patients at a higher risk of developing cytopenia, in order to prevent this. The use of MPXI related to granulopoiesis and MFR related to erythropoiesis, in neutropenia risk definition, may suggest the synergistic use of G-CSF and erythropoietin to prevent chemotherapy-related cytopenia. Previous studies demonstrated no benefits from the association of these growth factors, probably because of a lack of a target population. The intent of a further study, now ongoing in our institute, is to demonstrate the efficacy of growth factors in patients at a high risk of developing neutropenia.
In conclusion, our study shows that MPXI and MFR, obtained by Advia 120 are two economic parameters, easy to obtain in routine complete blood count and useful in identifying patients with a high risk of neutropenia during chemotherapeutic treatment.
